NOAA Techni cal Menorandum ERL G.ERL- 68

POTENTI AL VARI ATI ON OF GREAT LAKES WATER LEVELS:
A HYDROLOG C RESPONSE ANALYSI S

Holly C. Hartmann

Great Lakes Environmental Research Laboratory
Ann Arbor, M chigan
March 1988

UNITED STATES NATIONAL OCEANIC AND Environmental Research
DEPARTMENT OF COMMERCE ATMOSPHERIC  ADMINISTRATION Laboratories
C.William Verity Vernon E. Derr,

Secretary Director



NOTI CE

Mention of a conmercial conpany or product does not constitute
an endorsenment by NOAA Environmental Research Laboratories.
Use for publicity or advertising purposes of information from
this publication concerning proprietary products or the *tests
of such products is not authorized.

For sale by the National Technical Information Service, $288 Pon Roval Road
Springfield, 'A 22161



CONTENTS

2. HYDROLOG C RESPONSE MODEL

3. CLIMATIC EFFECTS ON LAKE LEVELS

3.1 Falling Lake Levels

3.2 Ri sing Lake Levels

4. HUVAN EFFECTS ON LAKE LEVELS...'

4.1 Lake Superior Regulation Modifications

4.2 Di version Mdifications

4.3 Niagara River Mdifications........ ... ...
4.4 The 1986 Barge Accident ........... ...,
5 S (S
6. REFERENCES - -« «cteveeeneeeneenossnsseasenaeesseneenseetssnsoenasennsons
FI GURES

Figure 1.--Deviation between nodeled and actual beginning-of-nonth
| ake levels for the calibration period........................
Figure 2.--Deviation between nodel ed and actual nonthly connecting-
channel flows for the calibration period......................
Figure 3.--Man annual water |evels of Lakes M chigan-Huron, St.
Clair, and Erie for 1900-1985........ciuutiieineinneneennncnnn



Figure 4. --Annual maximum nonthly water |evels of Lakes M chigan-Huron,

St. Gair, and Erie for 1900-1985...........................
Figure 5. --Mean annual net basin supplies to Lakes M chigan-Huron,

St. Cair, and Erie for 1900-1985............ ... ... ... ...
Figure 6. --Mnthly net basin supplies to Lakes M chigan-Huron,

St. Cair, and Erie used in simlations of falling

Lake level s. . ...

Figure 7.--Mean annual water levels of Lakes M chigan-Huron,
St. Cair, and Erie resulting from scenarios of |ow

and moderate water supplies......... ... . .. . i i

Figure 8.--Annual maxi num monthly water |evels of Lake M chigan-
Huron, St. Cair, and Erie resulting from scenarios of

| ow and npderate water supplies................... e

Figure 9. --Mnthly net basin supplies to Lakes M chigan-Huron,
St. Cair and Erie used in simulations of rising

[ake | eVel S. .

Figure 10. --Mean annual water |evels on Lake M chigan-Huron, St.
Cair, and Erie resulting from scenarios of high

Wat er  SUPPL T BS. o

Figure 11. --Annual maxi num monthly water levels on Lakes M chigan-
Huron, St. Clair, and Erie resulting from scenarios of

high water supplies..... ... .. . e

TABLES

Tabl e 1. --Hydrol ogi c Response Model parameters..........................

Table 2. --Normal water level conditions on the unregul ated

Geat LaKesS. ... ...
Table 3. --Hi ghest |ake levels recorded for 1900-1986....................
Table 4. --Increase in long-'term Geat Lakes nean water |evels due

to existing diversions..................

Tabl e 5. --Decrease in the annual |evels of Lake M chigan-Huron
resulting from an increase in the Chicago diversion
from91 m3/s to 283 m3/s using 1962 and 1973 for

water supply and initial lake levels............ ... ... ... ....



POTENTI AL VARI ATI ON OF GREAT LAKES WATER LEVELS:
A HYDROLOG C RESPONSE ANALYSI S1

Holly C. Hartmann

ABSTRACT.  The potential for water |evel changes on Lakes
Mchigan, Huron, St. Clair, and Erie is examned, using the Geat
Lakes Environmental Research Laboratory's Hydrol ogic Response
Model (HRM in conjunction with several hydroneteorol ogi c and

wat er management scenarios. O the scenarios exam ned, only a
drought similar to that of the early 1960's could return the

| akes to their normal |evels of 1900-1969. If the regional
climatology of 1971-1985 persists for several years, the |ake
level regime will average about 0.5 m higher than that of
1900-1969. The extreme water supply conditions of 1985 nust be
acconpani ed by 50% increases in Lake Superior outflows and
persist for about 10 years to raise Lake M chigan and Huron
levels 1.0 m above their 1986 record |evels. The practice of
increasing winter flows from Lake Superior to provide water
storage in the spring and summer has practically no effect on
downstream | ake levels. The effect of a barge that accidentally
| odged in the Niagara River in August 1986 raised |evels on Lakes
M chigan-Huron, St. Cair, and Erie by a maximumof 1, 4, and 5
cm, respectively; by June 1987 the effect had entirely
dissipated. Elimnation of the Long Lac and Ogoki diversions and
i ncreases of the Chicago and Welland Canal diversions to 283 m3/s
(10, 000 ft3/s) for a period of 7 to 8 years could reduce the

|l evel s on Lakes M chigan-Huron, St. Clair, and Erie by only 25,
21, and 18 cm respectively; half of that [owering, however,
would occur in 2 to 3 years. These scenarios suggest that G eat
Lakes interests should not count on lake levels returning to

l ong-term (1900-1969) normal levels within the next several

years.

1. | NTRCDUCTI ON

Continued high precipitation throughout the Great Lakes region since 1970
has created inmportant water management problens associated with high | ake
levels (Croley, 1986; Quinn, 1986). At the beginning of 1985 Lakes M chigan,
Huron, St. Cair, and Erie exceeded their long-termmean monthly |evels by
alnmost 0.5 m (U.S. Arny Corps of Engineers, 1986a). Smowmelt and heavy
precipitation during February and March 1985 caused record high nmonthly |evels
(since 1900) on Lakes Mchigan, Huron, and St. Clair in April and May.
Extrenely heavy precipitation throughout the Geat Lakes basin during
Sept enber - Novenber of that year caused the Decenber water |evels on Lakes
M chigan and Huron to exceed their highest Decenber |evels experienced since
1900 by nore than 0.22 m Lakes St. Cair and Erie exceeded their previous
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Decenber high levels by nore than 0.25 and 0.12 m respectively. By Cctober
1986, Lakes M chigan and Huron had set record nonthly levels (since 1900) for
12 consecutive nonths and Lake St. Clair had set records for 13 consecutive
nonths; Lake Erie had set record nonthly |evels each nonth since Cctober 1985
except for April 1986 (U.S. Arnmy Corps of Engineers, 1986d). In addition,
recent geologic research (Larsen, 1985; Devine, 1987) has shown that several
times during the |ast 2000 years, Lake Mchigan |evels have exceeded the 1986
record |evels by over a nmeter, suggesting that even higher water levels are
possi bl e.

This report examines the potential for water |evel changes in the
unregul ated portion of the Geat Lakes system wusing the Hydrologic Response
Mbdel (HRM) of the Geat Lakes Environnental Research Laboratory (GLERL) in
conjunction with several hydrometeorol ogic and water nanagement scenari o0s.
First, the HRM is described briefly. Then, the nodel is used to examine the
effect on lake |evels of |ow, noderate, and high water-supply conditions. In
addition, the model is used to evaluate the effect on lake levels of an
increase in winter flows from Lake Superior, nodifications of diversions in
the Great Lakes system an increase in the flow capacity of the N agara River,
and the effect on |ake levels of a barge that |odged on a pier of the Peace
Bridge in the N agara River.

Many of these sinulations were generated as part of special studies
requested by Geat Lakes interests outside of GLERL. Thus, not all sinulation
results are directly conparable. Admttedly, additional hydroneteorologic and
wat er nmanagement scenarios are possible, but they are not exam ned herein. No
probabilities of occurrence are expressed for any of the water supply or |ake
| evel scenari os.

2. HYDROLOG C RESPONSE MODEL

GLERL's HRM consi ders overlake precipitation, basin runoff, |ake
evaporation, diversions, St. Marys River flows, and ice retardation of flows
in the determnnation of water |levels on Lakes Mchigan-Huron, St. Cair, and
Erie (Lakes Mchigan and Huron are considered to be one |ake hydraulically).
It also determines flows through the St. Cair, Detroit, and N agara Rivers.
Quinn (1978) describes the nmodel and its calibration in detail. Briefly, the
HRM uses a second-order finite difference solution for a series of stage-fall-
di scharge equations for each of the connecting channels (Qinn, 1979) and, for
each | ake, an approxi mation of continuity:

0.5(I7 + Ig)At - 0.5(07 + 02)At = S2 - Sl (1)

where | = the rate of all inflows to a lake, O = the rate of all outflows from
a lake, S = the storage volume of a lake, At = a specified tine interval, and

subscripts 1 and 2 = the beginning and end of the tine interval, respectively.

Model calibration determines the constants that represent the nean bottom

el evation of each lake outlet in a set of standard discharge equations applied
to each connecting channel :



Q - C(z1 - ym? (21 - 2205 (2)

where Q = the flow rate in the connecting channel, C = a constant based

partially on the application of Manning's equation to the connecting channel
(Quinn, 1979), Z1 and 23 = the water level of the lake above and below the
connecting channel, respectively, and Ym = the nean bottom el evation of the

connecting channel at the lake outlet. Because of ice effects, a single gage
equation better estimates flows in the St. Clair River during the winter
months. In addition, a single gage equation is appropriate for the N agara

River throughout the year, because the upper reach of the river so strongly
controls the flows. Thus, the standard discharge equation used for these
cases is slightly nodified:

Q = C(Z1 - ym)? (3)

Original nodel calibrations (Quinn, 1978) used nonthly connecting channel
flows and |ake levels for three periods: 1950-1958, 1959-1961, and 1962-1975.
However, when applied over 1962-1980, the nodel consistently underestinated
monthly levels for Lake M chigan-Huron. Recalibration for 1962-1980, by a
sinmple successive approximation of the mean bottom Lake St. Cair outlet
el evation, inmproved the nmonthly water level estimates for Lake M chigan-Huron
and had little effect on the levels of the other |akes or the flows through
the connecting channels. Table 1 presents the parameter values used in each
of the nodel applications described herein. Figures 1 and 2 show the
frequency and magnitude of differences between nodel estimtes and actual

values of lake levels and connecting-channel flows, respectively, for the
calibration period.

Table 1. --Hydrol ogi c Response Mbdel paraneters

Ri ver c* Ym
(m)
St. dair
Wnter (Dec.-Feb.) 77.00 167.91
Non-wi nter (Mar.-Nov.) 38.90 165. 40
Detroit 71.70 165. 81
Ni agara
Sunmmer (Jun. - Cct. 202. 80 168. 67
Non-summer (Nov. - May) 208. 40 168. 67

*For Detroit River and non-winter St. Cair
River applications, units for C are meters0.3/
second: otherwise, units for C are neters/second.
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3. CLIMATI C EFFECTS ON LAKE LEVELS

Bet ween 1900 and 1985, annual water levels of the mddl e Geat Lakes
fluctuated over a range of about 1.43 m(Fig. 3). In addition, maxinmm
monthly levels for each year ranged over 1.54 m on Lakes M chigan-Huron and
Erie, and 1.33 mon Lake St. Cair (Fig. 4). Mean water |evel conditions
computed for 1900-1985 and 1900-1969 are presented in Table 2 for each of the
unregul ated Great Lakes; the levels are presented as elevations above the
International Geat Lakes Datum of 1955 (IGLD55). The 1900- 1969 nean annual
and nmean maxi num nonthly levels in the table are used to provide a perspective
on subsequent |ake level simulations because the conditions for the 1900-1969
period, when much of the devel opment along the Geat Lakes shoreline took
place, often are considered "normal" (Croley, 1986; Quinn, 1986). This is due
to the distinct change in the Geat Lakes region's clinmatology that began
about 1970. Figures 3 and 4 show that the |ake l|evels have been consistently
high since the early 1970's; the high levels are primarily due to the
persistent high precipitation the Geat Lakes region has received since about
1970 (Croley, 1986; Quinn, 1986). Al though subsequent [ake |evel sinulations
are conpared with the 1900-1969 nean |evels, the 1900-1985 nean levels are
al so presented in Table 2 because they nore accurately represent the long-term
behavior of the Geat Lakes |evels.

Table 2. --Normal * water |evel conditions on the unregulated Geat Lakes

Mean annual |evels Mean maxi num nmonthly |evels
(m above IGLD55') (m above IGLD55!)
Lake 1900- 1969 1900- 1985 1900- 1969 1900- 1985
M chi gan- Hur on 176. 18 176. 26 176. 36 176. 44
St. dair 174. 66 174.76 174. 88 174. 97
Erie 173.78 173. 88 174.01 174. 11

* Normal determined as a mean for the period.
"International Geat Lakes Datum of 1955,

G eat Lakes water level variations are linked closely to the regional
climate. Thus, forecasts of |ake |levels can be no better than the weather
forecasts on which they are based. Al though reliable |ong-range forecasts of
climatic variations are not available, use of a range of hydroneteorol ogic
conditions derived from historical records can provide a perspective on the
potential for water level variations. Al applications of the HRM described
in this section begin with actual January 1986 beginning-of-month levels for
Lakes M chigan-Huron, St. Cair, and Erie (176.97, 175.69, and 174.45 m,
respectively), based on levels at the master gage for each |ake (Harbor Beach
and St. Clair Shores, Mchigan, and Ceveland, Chio, respectively). Except
where noted, all simulations use nean nonthly hydroneteorol ogic data from
Quinn and Kelley (1983) where available. A though the HRM can consi der
variations in individual net basin supply conponents (basin runoff, overlake
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precipitation, |ake evaporation), such data are conplete only through 1979.
Thus , except where noted, all sinulations sinply use net basin supplies
derived froma water bal ance based on connecting channel flows and | ake

| evel s. Mean annual net basin supplies to each of the | akes are shown as an
equi val ent depth over the lake in Fig. 5 for 1900-1985; note that Lake St
Cair net basin supplies begin only in 1910. The sinmulations al so use nean
monthly inflows fromthe St. Marys River. The Chicago and the Welland Cana
are considered only after 1939 and 1944, respectively, since their diversion
regimes were quite different prior to those dates. Simlarly, all runs use
nmean ice retardation rates only for 1937-1981 for the St. Cair and Detroit
Rivers, since the effects of ice on flows through those rivers have not been
determined for other periods. No ice effects are considered for the N agara
Ri ver, because the ice boomeffectively elimnates ice retardation of flows in
that river.

The effects on subsequent |ake |evel simulations of using these shortened
periods of data for determ ning nean diversions, ice retardation rates, and
Lake St. Clair net basin supplies are difficult to estimate. The diversions
and Niagara River ice retardation rates for the periods described herein are
nmore appropriate than using the entire period of record since they better
represent expected future conditions. However, the nean Lake St. dair net
basi n supplies described herein probably cause simulated | ake |evels to be
slightly higher than if supplies for 1900-1909 were avail able, since the
1900- 1909 supplies probably were bel ow normal as suggested by Lake Michigan-
Huron and Erie net basin supplies over that period. The use of the relatively
short period of ice retardation rates for the St. Cair and Detroit Rivers
probably has little effect on sinulated mean annual |evels and annual maxi mm
monthly |evels, because ice jans generally have little effect on |arge Lake
M chi gan-Huron and have only transitory effects during late winter or early
spring on Lake St. dair.

3.1 Falling Lake Levels

To exam ne the potential for the unregulated Great Lakes to return to
more noderate levels, four hydroneteorol ogic sinulations were used with the
HRM (Figs. 6-8). The first sinmulation considered water supplies trending
toward the long-term average. Mean nonthly values of St. Marys River flows
and net basin supplies to Lakes M chigan-Huron, St. Cair, and Erie were
conputed for 1900-1985 and used as a continuously repeating water supply
scenario for a 20-year period beginning in 1986. As noted previously, the
Lake St. Cair net basin supplies, Chicago and Welland Canal diversions, and
ice retardation neans are based on somewhat different periods owing to data
applicability and availability constraints. Figure 6 ("00-85") shows the
monthly net basin supplies to Lakes M chigan-Huron, St. Clair, and Erie used
as input for the simulation. Figures 7 and 8 ("1900-1985") show the effect on
| ake I evels of receiving nonthly water supplies equivalent to the nmean nonthly
supplies of 1900-1985. Under this scenario, Lake Mchigan-Huron falls to
within 0.15 mof the 1900-1969 nean annual level ("Nornal") after 6 years,
whereas for such a drop in Lake St. Cair and Erie levels 9 to 10 years are
required. Because of the constant annual supplies used each year in the
simulation, the system eventually reaches steady state. Each of the |akes
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remai ns above its 1900-1969 nean annual |evel; Lake M chi gan-Huron exceeds it
by about 0.03 m, and Lakes St. Clair and Erie exceed themby 0.12 to 0.13 m.
Whereas annual maxi num monthly levels (Fig. 8) on Lake M chigan-Huron return
to the 1900-1969 mean maxi num | evel ("Normal"), those on Lakes St. dair and
Erie remain 0.06 to 0.07 m above the nmean nmaxi num |evels. Lake M chigan-Huron
falls farther than the other lakes in relation to the 1900-1985 and 1900-1969
normal levels; this results because the Mchigan-Huron "normal" |evels are

hi gher than could be reached currently under sinmilar water supply conditions,
owing to the smaller discharge capacity of the St. Cair River during the
early 1900s (Derecki, 1985).

The second sinulation considers average water supply conditions prior to
the change in the Geat Lakes region's climtic regime. Mean nmonthly St.
Marys River flows and net basin supplies were conputed for 1900-1969 and used
as a repetitive water supply scenario for a 20-year period begi nning January
1986. As before, net basin supplies for Lake St. Clair, diversions, and ice
retardation means are based on somewhat different periods. Figure 6 ("00-69")
shows the monthly net basin supplies to each of the |akes used in this
sinul ati on. Figures 7 and 8 ("1900-1969") show the effect on |ake |evels of
receiving nonthly water supplies equivalent to the mean nmonthly supplies of
1900-1969. Under this scenario, Lake M chigan-Huron returns to its 1900-1969
mean annual |evel ("Nornmal") within 7 years, and the remaining |akes require 9
to 11 years to return to within 0.05 m of their 1900-1969 mean annual |evels
("Normal").  Lake M chi gan-Huron maxi mum nonthly levels fall to the 1900-1969
mean maxi mum rmonthly level ("Normal") within 6 years. Lake St. Cair and Erie
maxi mum nonthly levels return to the 1900-1969 mean maxi mum nmonthly [evels
("Normal ") within about 9 years.

The third simulation considers the effect on water levels of a drought
i ke that experienced in the early 1960s. Mean supplies are not used over
this short period;, rather, the actual sequence of water supplies experienced
during 1960-1964 are used directly. Additionally, since net basin supply
conponents are avail able throughout this period, they are used rather than the
net basin supplies derived fromthe water balance. Likew se, actua
diversions and ice retardation rates for 1960-1964 are used in the simulation.
Precipitation over the Lake M chigan-Huron, St. CQair, and Erie basins
throughout this period was about 7% | ess than the 1900-1985 nmean. Figure 6
("60-64") shows the mean of the nonthly supplies used in the sinulation.
Figures 7 and 8 ("1960-1964") show the effect on |ake levels of water supplies
li ke those received for 1960-1964. Under this scenario, each lake drops to
its 1900-1969 nmean annual level ("Nornal") within 4 years. After 5 years,
Lakes M chigan-Huron, St. Cair, and Erie are 0.49, 0.29, and 0.18 m,
respectively, below their 1900-1969 nmean annual |evels. Under these drought
conditions, the maxinmum nonthly levels fall at a simlar rate, and after 5
years drop to 0.58, 0.35, and 0.21 m below the 1900-1969 nean maxi num nonthly
levels ("Nornmal") for Lakes M chigan-Huron, St. Cair, and Erie, respectively.
However, Figs. 7 and 8 show that this scenario produces higher water levels
during the first year than other scenarios; this is due to the relatively high
precipitation of 1960, although 1960-1964 is considered a period of drought.
Thus, the lakes may fall to the 1900-1969 mean levels within only about 3
years, if a drought like that of 1961-1964 is not preceded by a year like
1960.

14



The fourth sinulation reflects water supply conditions trending toward
the recent average. Mean monthly values of St. Marys River flows, net basin
supplies, and the Chicago and Welland Canal diversions were conputed for
1971-1985, and used as a continuous water supply sequence for a 20-year period
begi nning January 1986; ice retardation of flows was determned as for the
first two sinmulations. Precipitation over the Lake Mchigan-Huron, St. dair,
and Erie basins throughout this period was about 7% greater than the 1900-1985
mean and about 9% greater than the 1900-1969 nean. Figure 6 ("71-85") shows
the nmonthly net basin supplies to each of the |akes used as input for the
simulation. Figures 7 and 8 ("1971-1985") show the effect of receiving
nmont hly water supplies equivalent to the mean nmonthly supplies of 1971-1985.
Under this scenario, lake levels fall slowy, but never return to the
1900- 1969 mean annual |evels. The systemreaches equilibriumin 9 to 14
years, and Lakes Mchigan-Huron, St. Clair, and Erie stabilize at 0.53, 0.59,
and 0.54 m respectively, above their 1900-1969 nmean annual |evels ("Normal").
Li kewi se, the maxi mum monthly |evels stabilize at 0.50, 0.50, and 0.47 m above
the 1900-1969 nean nexi mum nonthly levels ("Normal") for Lakes M chigan-Huron,
St. Cair, and Erie, respectively.

The four preceding simulations suggest that persistent extreme drought
conditions, such as those occurring in the early 1960s, are required for the
unregul ated Great Lakes to return to their perceived normal water |evels (nean
levels for 1900-1969). The fastest the | akes can be expected to fall in a
single year, as indicated by the drought scenario, is 0.50, 0.37, and 0.40 m
respectively, for Lakes Mchigan-Huron, St. Cair, and Erie. However, if the
recent (1971-1985) G eat Lakes clinate actually is nore typical of the long-
term regional climatology than the climate of the first 70 years of this
century, the resulting |lake level regime could be about 0.5 m above the
perceived normal |ake levels. Even without reliable weather forecasts for the
next 5 years, these scenarios suggest that riparians should not count on |ake
| evels returning to their perceived normal levels within the next several
years unless we have an abnornally dry period.

3.2 Rising Lake Levels

In 1986, Lakes Mchigan-Huron, St. Cair, and Erie reached their highest
monthly levels recorded this century (U S. Arny Corps of Engineers,
1986a,b,c,d); these record nonthly levels and the highest annual levels
experienced since 1900 are listed in Table 3. Ceologic evaluations of ancient
Lake M chigan shorelines (Larsen, 1985, Devine, 1987) suggest that water
| evel s on that |ake have exceeded the 1986 high levels by nore than a nmeter
several tines during the last 2000 years, pronpting concerns that the |akes
may continue to rise above their present high levels. The potential response
of the mddle Geat Lakes to continued high water supplies is indicated by
using the HRM for five water supply simulations.

The first simulation considers water supplies simlar to those of 1985.
Actual monthly values of net basin supplies, St. Marys River flows, and
diversions for 1985 were used as a continuously repeating water supply
sequence for a 20-year period beginning January 1986. As for earlier
simulations, flow retardations due to ice were conmputed as the nean nonthly
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Table 3. --Highest lake |evels recorded for 1900-1986

Annual water |evel Monthly water |evel
Lake (m above IGLDS5%) (m above IGLDS55%)
M chi gan- Hur on 177.08 (1986) 177.28 (Cct. 1986)
St. dair 175.66 (1986) 175.77 (Cct. 1986)
Erie 174.71 (1986) 174.86 (Jun. 1986)

* |nternational Geat Lakes Datum of 1955.

values for 1937-1981 for the St. Cair and Detroit Rivers, and were considered
negligible for the Niagara River. During 1985, precipitation over the Lake
M chigan-Huron, St. dair, and Erie basins was about 26% above the 1900-1985
mean and about 28% above the 1900-1969 mean. However, conbined net basin
supplies to the lakes were about 53% above the 1900-1985 mean and about 60%
above the 1900-1969 nmean. Figure 9 ("1985") shows the monthly net basin
supplies to Lakes M chigan-Huron, St. dair, and Erie used as input for the
simulation. Under this scenario, Lakes Mchigan-Huron and St. Cair rise to
1.0 m above their 1900-1969 nean annual levels of Table 2 within 2 years,
whereas Lake Erie reaches 1.0 m above its 1900-1969 nean annual |evel of Table
2 within 4 years. The |akes stabilize in 10 to 11 years at about 1.4, 1.3,
and 1.1 m respectively, above their 1900-1969 nean annual |evels of Table 2.
The curves "1985" in Figs. 10 and 11 conpare the sinulated |ake levels with
the record high levels of Table 3 ("Record" in Figs. 10 and 11). Each |ake
meets or exceeds its highest nonthly |evel experienced since 1900; Lake

M chi gan-Huron does so in the first year, Lake St. Clair in the second, and
Lake Erie in the third. Wwen the system reaches equilibrium maxi mum nonthly
| evel s on each lake are 0.46, 0.31, and 0.19 m respectively, above the

hi ghest nonthly |evels experienced since 1900, and the annual levels are O0.46,
0.26, and 0.16 m respectively, above the highest annual |evels experienced
since 1900.

The second sinulation considers water supplies that are noderately nore
extrene than the long-term average. The nean nmonthly St. Marys River flows
and net basin supplies, determined for 1900-1985, were increased by 25% and
used as a continuously repeating water supply scenario for a 20-year period
begi nning January 1986. Monthly nmean diversions and ice retardation of flows,
based on somewhat different periods because of the data applicability and
availability constraints described earlier, remined unchanged from earlier
simul ations. Figure 9 ("+25%") shows the nmonthly net basin supplies to each
of the lakes used as input for the simulation. Under this scenario, annual
| evel s and maxi mum nmonthly levels on each of the lakes stabilize practically
within the first year. Both'mean annual and maxi num nonthly levels on Lakes
M chigan-Huron, St. Clair, and Erie stay at about 1.0, 0.9, and 0.8 m above
their 1900-1969 neans of Table 2, respectively. The curves "+25%" in Figs. 10
and 11 conpare the sinulated lake levels with the record high levels of Table
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Figure 9. --Monthly net basin supplies to Lakes M chigan-Huron, St. Cair, and
Erie used in sinmulations of rising |ake |evels.
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Erie resulting from scenarios of high water supplies.
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Cair, and Erie resulting from scenarios of high water supplies.
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3 ("Record" in Figs. 10 and 11). Annual levels on Lake Mchigan-Huron rise to
only 0.07 m above the highest annual |evel experienced since 1900, and annua
level s on Lake St. Clair and Erie, respectively, remain 0.11 and 0.16 m bel ow
their highest annual |evels. Muxinum nonthly levels on Lake M chigan-Huron
rise to only about 0.06 o above the highest nonthly |evel experienced since
1900, and nmaxi mum nonthly levels on Lakes St. Cair and Erie, respectively,
remain 0.03 and 0.10 m bel ow the highest nonthly |evels experienced on those

| akes.

The third simulation reflects water supply conditions significantly nore
extreme than the long-term average. The 1900-1985 nean nonthly St. Mrys
River flows and net basin supplies were increased by 50% and used as a
repetitive water supply scenario for a 20-year period beginning January 1986.
As before, diversions and ice retardation of flows remained unchanged. Fjgure
9 ("+50%") shows the nonthly net basin supplies to each of the | akes used as
input for the simulation. This scenario results in higher levels than a
repeat Of the 1985 net basin supply conditions, since the St. Marys River
flows are increased as well. The annual |evels of Lakes M chigan-Huron and
St. Cair rise to about 1.5 m above their 1900-1969 nean annual |evels of
Table 2 within 3 and 6 years, respectively. Lakes M chigan-Huron, St. CJair,
and Erie stabilize at about 1.8, 1.6, and 1.4 m respectively, above their
1900-1969 nmean annual l|evels of Table 2 and about 0.9, 0.6, and 0.4 m
respectively, above their highest annual |evels experienced since 1900 (Table
3 and Fig. 10). The curves "+50%" in Figs. 10 and 11 conpare the sinulated
| ake levels with the record high levels of Table 3 ("Record" in Figs. 10 and
11). Each lake sets new nonthly water |evel records within the first year of
the simulation. Mnthly levels on Lakes M chigan-Huron, St. Cair, and Erie
exceed their highest |evels experienced since 1900 by 0.5 m in 2, 4, and 8
years, respectively. At equilibrium the maximum nonthly levels for each |ake
exceed the highest nonthly levels experienced since 1900 by 0.94, 0.70, and
0.53 m respectively.

The fourth sinulation considers water supplies very nuch nore extreme
than the long-term average. The 1900-1985 nean nonthly St. Marys River flows
and net basin supplies were increased by 75% and used as a repetitive water
supply scenario for a 20-year period begi nning January 1986; diversions and
ice effects remmined unchanged. Figure 9 ("+75%") shows the nonthly net basin
supplies to each of the lakes used as input for the simulation. Annual Ievels
of Lakes Mchigan-Huron and St. Cair rise to 2.0 m above the 1900-1969 nean
annual levels of Table 2 within 3 and 5 years, respectively. Lakes Michigan-
Huron, St. Clair, and Erie stabilize at about 2.6, 2.2, and 1.9 m,
respectively, above their 1900-1969 nean annual |evels of Table 2 and about
1.8, 1.2, and 1.0 m respectively, above their highest annual |evels
experienced since 1900 (Table 3 and Fig. 10). The curves "+75Z" in Figs. 10
and 11 conpare the sinmulated lake |evels with the record high levels of Table
3 ("Record" in Figs. 10 and 11). Monthly levels on Lakes M chigan-Huron, St
Clair, and Erie exceed the highest monthly |evels experienced since 1900 by
0.5min 1, 2, and 3 years, respectively. At equilibrium the maximum nonthly
level s for each |ake exceed the highest nonthly levels experienced since 1900
by about 1.7, 1.4, and 1.1 m respectively.

The fifth sinulation reflects some sort of "worst case" water supply
scenario. Mxinmum monthly St. Marys River flows and net basin supplies first
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were determined for 1900-1985. Then, the respective maximms for each nonth
were used as a continuous water supply scenario for a 20-year period beginning
January 1986. Diversions and ice effects remain unchanged from previous
simulations. Figure 9 ("max") shows the nmonthly net basin supplies to each of
the lakes used as input for the sinulation. Each |ake's annual |evel exceeds
its respective 1900-1969 mean annual level of Table 2 by 2.0 mwithin 3 years.
Their annual levels eventually reach about 4.5, 4.0, and 3.7 m higher,
respectively, than their 1900-1969 mean annual |evels of Table 2. Al though
the sinulated |ake levels are not shown, they are conpared herein with the
record high levels of Table 3. Each | ake's annual level rises to nore than
2.0 m above the highest annual |evel experienced since 1900 within 2 years,
and stabilizes at about 3.6, 3.0, and 2.7 m respectively, above the highest
annual levels experienced since 1900. The maxi mum monthly levels for each of
the | akes exceed the levels resulting fromany of the other sinulations. Lake
M chi gan- Hur on eventual |y reaches a nonthly el evation of 180.87 m exceeding
by about 3.6 m the highest nmonthly |evel experienced on that |ake since 1900.
Lake St. Cair eventually exceeds its previous record nmonthly level by about
3.1 m Lake Erie finally reaches an el evation of 177.62 m; not only does this
| evel exceed the previous Lake Erie nonthly water level record by about 2.8 m
it also exceeds by about 0.34 m the highest Lake M chigan-Huron nonthly |evel
experienced since 1900.

These five sinulations indicate the extrene nature of water supply
conditions required to raise the mddle Geat Lakes to levels that the
geol ogi ¢ record suggests have occurred several tines in the past 2000 years.
Under each of the scenarios, Lake Mchigan-Huron rises nore than Lakes St.
Clair and Erie. A persistent recurrence of the water supply conditions of
1985 would raise Lake Mchigan-Huron only about 0.5 m above the record nonthly
| evel experienced in 1986. To raise the lake 1.0 m above 1986's record
nmonthly level, the conditions of 1985 would have to be augnmented by a 50%
increase in outflows from Lake Superior, and such extreme conditions would
have to persist for about 10 years. Even if Lake Superior outflows and net
basin supplies to the unregul ated | akes were 75% above the | ong-term
(1900-1985) average, such extrenme conditions would have to occur consecutively
for 2 years to raise Lake M chigan-Huron by even 0.5 m

4,  HUMAN EFFECTS ON LAKE LEVELS
4.1 Lake Superior Regulation Mdifications

In 1977, the International Joint Commission (1JC) mandated that the
International Lake Superior Board of Control (ILSBC) devise an updated
regulation plan for Lake Superior that would consider the effects of the
regul ations on Lake Mchigan-Huron, in addition to the requirenments of the
1914 1JC Orders of Approval (ILSBC, 1982). The ILSBC devel oped Plan 1977,
whi ch includes an operational restriction that Lake Superior outflows from
Decenber through April nust not exceed 2407 m3/s (85,000 ft3/s). During the
winter, Geat Lakes levels are |owest (Croley, 1986), being on average about
37, 54, and 52 cm lower than the seasonal peak |evels on Lakes M chi gan- Huron,
St. Cair, and Erie, respectively. Suggestions have been made that maximum
monthly water levels on the lower Geat Lakes nay be reduced by increasing the
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passage of water through the system during seasonal periods of relatively |ow
wat er levels (F. Quinn, GLERL, personal communication, 1987).

One proposal calls for increasing Lake Superior outflows to 2690 m3/s
(95,000 ft 3/s) from Decenber through March and then storing water on Lake
Superior from April through July, by an amunt equivalent to the excess water
released in the winter. To assess the effects of such a change in Lake
Superior regulations, a base sinulation first was generated starting wth
actual lake levels of 1 August 1979 and using average monthly net basin
supplies, diversions, and St. Marys River flows determned for 1980-1986; St.
Clair and Detroit River ice retardation rates were determned for 1937-1981,
and no ice retardation was considered for the Niagara River, for reasons
described previously. St. Marys River flows for Decenber through March,
respectively, averaged 2174 m3/s (77,000 ft3/s), 2042 m3/s (72,000 ft3/s),
2028 m3/s (72,000 ft3/s), and 2065 m3/s (73,000 ft3/s). In a subsequent
simul ation, net basin supplies, diversions, and ice retardations renmni ned
identical, but the St. Marys River flows for Decenber through March were
adjusted to a constant rate of 2690 m3/s (95,000 ft3/s). ne-quarter of the
total departure between the adjusted winter flows and the 1980-1986 nonthly
means was then subtracted from the nean nmonthly flows for each of the 4
subsequent nonths (April through July) to sinulate storage of water on Lake
Superi or.

This scenario produces no practical difference in either annual |ake
level s or peak monthly levels. Annual levels are raised by 1 cm on each of
the lakes. The peak monthly |evel on Lake M chigan-Huron is decreased by 1
cm but peak nonthly levels are raised by 1 cmon Lakes St. Clair and Erie.

4.2 Diversion Mdifications

G eat Lakes levels are affected by several diversions to, from and
within the system The Long Lac and Ogoki diversions route water from the
Hudson Bay watershed into Lake Superior, at a conbined rate that averages
about 159 m3/s (5600 ft3/s). The Chicago diversion routes water from Lake
M chigan-Huron into the Mssissippi River basin, at an average rate of about
91 m3/s (3200 ft3/s). The Welland Canal diversion effectively increases Lake
Erie outflows into Lake Ontario by providing an alternate route that bypasses
Ni agara Falls; the Welland Canal diversion rate has recently averaged about
261 m3/s (9200 ft3/s). Table 4 presents the increase in |ong-term water
| evel s of Lakes M chigan-Huron and Erie due to these diversions.

During the period of high water levels in 1985 and 1986, proposals were
made for lowering Geat Lakes levels by nodifying the rates of the existing
diversions (Geat Lakes Coalition, 1986; QOzanne, 1987; Urquhart, 1987).
Proposed strategies have included elininating the diversions into Lake
Superior, increasing the Chicago diversion to 283 m3/s (10,000 f£t3/s), and
increasing flows through the Welland Canal to the maxinmum possible, about 283
m3/s (10,000 ft3/s) (D. Schweigert, USACE, personal communication, 1987). To
conpare the effects of these diversion changes, a base simulation first was
generated using actual net basin supplies, St. Mirys Rver flows, diversions,
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Table 4. --Increase in long-term G eat Lakes nmean water levels due to
exi sting diversions*

Di versi on Rat e Lake M chi gan-Huron Lake Erie
(m3/s) (cm) (cm)
Long Lac/ Ogoki 159 +11.3 +7.6
Chi cago 91 -6. 4 -4.3
Welland Canal 266! 5.5 -13.4
Combi ned -0.6 -10.1

* From 1JC (1985).
! Although the 1JC (1985) eval uated a Welland Canal diversion rate of 266
m3/s, the present rate of 260 m3/s has practically identical effects.

and ice retardations for 1962-1980. Then, each of the diversion changes was
consi dered separately; the Long Lac-COgoki diversion change was reflected by
decreasing St. Marys River flows by 159 m3/s (5,600 ft3/s) each nonth
Additional ly, another simulation was generated, which incorporated all three
diversion nodifications.

The full effect of a change in diversions does not occur inmediately
after the change is made; instead, some time is required for the |ake l|evels
and | ake outflows to adjust to the new diversion reginme and for the ultimate
effect of the diversion change to be realized. Because of the extremely |arge
volunes of the Geat Lakes relative to their connecting channel flow
capacities, the lakes generally respond very slowy to changes in diversions.
Because the scenarios exam ned herein are conpared with a base case using
actual diversion rates that vary fromnonth to nonth, the effects of the
di version changes do not reach equilibrium Thus, the scenarios provide only
an indication of the magnitude of the effects of diversion nodifications,
rather than the expected ultinmate effect on |levels should the diversion
changes be instituted.

O the scenarios exam ned herein, the nost rapid change in |ake |evels
results fromthe increase of Welland Canal diversions, but the effects are
quite small. The largest effect occurs on Lake Erie in 1964, where the annua
water level is lowered by 4.5 cm thereafter, Lake Erie annual levels
fluctuate between 1.9 and 4.2 cmlower; Lake St. Clair, between 1.4 and 2.9 cm
| ower; and Lake M chigan-H&on between 0.8 and 1.2 cmlower. Increases in the
Chi cago diversion |lower the |lake |evels nore slowy; about 50% of the tota
effect occurs in 2 to 3 years. After about 7 years, additional |owering of
the | ake levels due to the diversion change is very snall; after 7 years, the
decline in the annual |evels of Lakes M chigan-Huron, St. Cair, and Erie,
respectively, varies between 13.0 and 13.7 cm 9.9 and 10.5 cm and 8.0 and
8.7 cm Elimnation of the Long Lac and Ogoki diversions also requires about
2 to 3 years for 50%of the total effect on |ake levels to be realized, and
after about 7 years further effects of the diversion elimnation are very
snall. After 7 years, the decline in the annual |evels of Lakes Michigan-
Huron, St. dair, and Erie, respectively, varied between 10.7 and 11.1 cm 8.2
and 8.6 cm and 6.6 and 7.1 cm  As expected, the largest |lowering of G eat
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Lakes levels results from the combined effect of all three diversion
scenarios, but still only half the effect occurs within 2 to 3 years, and
after about 7 years any further lowering of the |ake levels is very small
After 7 years, the decline in the annual |evels of Lakes M chigan-Huron, St
Clair, and Erie, respectively, varies between 25.0 and 26.0 cm 20.2 and 21.4
cm, and 17.3 and 18.9 cm  These scenarios represent maxi num effects since
actual inplementation of the diversion strategies would be constrained by
other considerations. Even closed conpletely, the long Lac and Qgoki

di version structures would probably |eak about 23 m3/s (800 ft3/s); Chicago
di versions woul d probably be limted to only about 246 m3/s (8700 ft3/s) as a
result of potential flooding along the Illinois River.

Previous reports (Croley, 1986; Kirshner, 1968; Quinn, 1985) have
indicated that 12 to 15 years are required for the entire effect to be felt
froma diversion change from Lake M chigan-Huron. In theory, the progressive
effect of a diversion change increases asynptotically toward a value that is
never quite realized. Practically, however, after several years further
changes in levels becone so snmall that the system appears to have stabilized
at a new equilibrium Additionally, because the relationship between [|ake
| evel s and connecting channel outflows is nonlinear, the effect of a diversion
change depends on the levels of the lakes. This is shown by conparing the
effects of increased Chicago diversions under scenarios of both high and |ow
| ake levels. First, a base sinulation was generated using the actual nonthly
net basin supplies, St. Marys River flows, Welland Canal diversions, and ice
retardations for 1973 (a period of high water supplies and |ake levels) as a
continuously repeating water supply scenario for a 19-year period beginning in
January 1973. The base sinulation used actual |ake levels of January 1973 as
initial conditions and a constant Chicago diversion of 91 m3/s (3,200 ft/s).
Then, the sinulation was repeated, but using a constant Chicago diversion of
283 m3/s (10, 000 ft3/s). A second base sinulation was generated using actua
monthly net basin supplies, St. Mrys River flows, Welland Canal diversions,
and ice retardations for 1962 (a period of |ow water supplies and |ake |evels)
as a continuously repeating water supply scenario for a 19-year period
begi nning in January 1962. This base sinulation used actual |ake |evels of
January 1962 as initial conditions, but as before used a constant Chicago
di version of 91 m3/s (3,200 ft3/s). Then the sinulation was repeated with a
constant Chicago diversion of 283 m3/s (10,000 ft/s).

Table 5 shows the progressive effect on Lake M chigan-Huron's annua
| evel s of increasing the Chicago diversion under these high and |ow | ake |eve
conditions. For both cases, although the progressive effect of the additiona
diversion continues to increase throughout the simulation period, after
several years the additional effects becone quite small. For the high |ake
| evel period of 1973, Lake Mchigan-Huron's annual levels are lowered by 5.6
cmin the second year, 11.8 cmin the seventh year, and 12.9 cmin the
nineteenth year. However, using the low lake level period of 1962, the lake's
levels are lowered by 5.8 cmin the second year, 13.6 cmin the seventh year,
and 16.3 cmin the nineteenth year. Thus, although effects of diversion
changes are greater for low |ake levels, the ultimte effect is approached
nore rapidly at high |ake levels. The greater effect during periods of |ow
| ake levels results because the stage-discharge relationships for the
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unregul ated Great Lakes are not linear; lake levels are nore sensitive to
changes in outflows at |low |levels than at high |evels (increased diversions
correspond to increased outflows).

Table 5. --Decrease in the annual |evels of Lake M chigan-Huron resulting
froman increase in the Chicago diversion from91l m3/s to 283 m3/s
using 1962 and 1973 for water supply and initial |ake |evels

Years into
the future 1962 1973
(cm) (cm)
1 2.3 2.1
2 5.8 5.6 .
3 8.4 7.9
5 11.7 10. 6
7 13.6 11.8
12 15.7 12.7
15 16.1 12.8
19 16. 3 12.9

Hartmann and Crol ey (1987) also examined the effects on water |evels of
modi fied diversions. They integrated rainfall-runoff models (Croley, 1983;
Croley and Hartnmann, 1984) for each |ake basin, past sequences of daily
met eorol ogy, and the Lake Superior regulation plan in conjunction with the HRM
to assess the effect of reducing the Long Lac and Qgoki diversions to 23 m3/s
(800 ft3/s), increasing the Chicago diversion to 246 m3/s (8700 ft3/s), and
increasing flows through the Welland Canal to 283 m3/s (10,000 £ft3/s). Errors
in the inplementation of the regulation plan resulted in smaller effects on
| ake levels than would actually occur; updated results are presented herein.
Ef fects of the diversion changes were conmpared with a probabilistic eval uation
of 1986 |ake levels (Hartmann and Croley, 1987). As a result of the large
size of the Great Lakes relative to their outflow capacities and conpensation
of the regulated outflows from Lake Superior, the diversion strategy produced
levels only slightly lower than the |levels expected on the basis of past
met eor ol ogy. For 1986, the nodified diversions would have | owered expected
|l evel s on Lake Superior, Mchigan-Huron, St. Cair, and Erie, respectively, by
a maximumof 4.6, 5.3, 3.7, and 2.9 cm An additional 283 m3/s (10,000 ft3/s)
di version out of Lake M chigan-Huron had slightly larger effects on the
expected | ake | evels of 1986, producing maxi mum | owerings on Lakes Superi or,
M chi gan-Huron, St. Cair, and Erie, respectively, of 4.6, 10.4, 7.1, and 5.5
cm  These effects are much smaller than the potential effects of neteorologic
variability (due to recurrence of wet or dry historical neteorologic
sequences) shown by Hartmann and Crol ey (1987), which were greater than 48,
52, 64, and 42 cm on Lakes Superior, Mchigan-Huron, St. Clair, and FErie,
respectively.

To evaluate the potential long-term effect of the diversion changes,

Hartmann and Croley (1987) used the integrated nmodels but with a single
hi storical neteorologic sequence; they selected the 26-year sequence of
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1954-1979 as one possi bl e scenario. The diversion changes reduced |ake |evels
by a maximum of 18, 25, 19, and 16 cm on Lakes Superior, M chigan-Huron, St
Cair, and Erie, respectively. During the drought conditions of the early
1960's, the diversion changes reduced | evels by a maxi mum of 20 cm on Lake

M chi gan-Huron, conpared with levels expected if no diversion changes were

i npl emented; water |evels remined above the record mininmum levels by 28, 33
41, and 46 cm on Lakes Superior, Mchigan-Huron, St. Clair, and Erie
respectively. If lake level thresholds (e.g., dropping below a |evel of
176.63 m[579.5 ft] on Lake M chigan-Huron) were used to trigger restoration
of normal diversion rates, the effects of the diversion changes woul d be
smaller. Wth an additional 283 m3/s di version out of Lake M chigan-Huron
maxi num | ake |evel reductions of 25, 45, 35, and 29 cm occur on Lakes
Superior, Mchigan-Huron, St. Cair, and Erie, respectively, effects during
the drought conditions of the 1960's are sonewhat smaller (17, 42, 33, and 27
cm respectively). The levels still remained above record lows by 22, 13, 26
and 33 cm respectively. Recurrence of the record of |ow |levels of 1964 on
Lake M chigan-Huron is avoided, even under a repeat of the drought

met eorol ogi ¢ conditions, because the present Lake Superior regulation plan
(Plan 1977) considers levels on Lake Mchigan-Huron in determning outflows
from Lake Superior. Previous regulation plans considered only Lake Superior

| evels. Because Plan 1977 tries to maintain both |akes near their respective
long-term monthly levels, any lowering of the downstream | akes due to reduced
wat er supplies (from drought conditions or increased diversions) results in

i ncreased Lake Superior outflows.

The diversion scenarios presented in this section suggest that even if
the Long Lac and Ogoki diversions had been elimnated and the Chicago and
Welland Canal diversions had been nmmintai ned at 283 m3/s,the wat er |evels of
1985 and 1986 still would have been very high. The small effects of the
diversions (relative to natural fluctuations) and the long response time of
the Geat Lakes system preclude water |evel nanagement by neans of diversions.
However, if the diversion changes are instituted, the Lake Superior regulation
plan may help mtigate undue lowering of levels during periods of extended
drought.

4.3 N agara River Modifications

In response to the high Geat Lakes water |evels of the 1970s, the
International Lake Erie Regulation Study Board (ILERSB) devel oped severa
plans for the limted regulation of Lake Erie (ILERSB, 1981). One of the
pl ans, Niagara Plan 25-N, has received support by riparian interests (G eat
Lakes Coalition, 1986; Ozanne, 1987). Ni agara Plan 25-N woul d increase the
di scharge capacity of the N agara River by about 708 n3/s (25,000 ft3/s). To
conpare the effects of this scenario, a base sinulation first was generated
using actual net basin supplies, St. Marys River flows, diversions, and ice
retardation rates for 1962-1980. Then, the discharge equation constants {C in
Eq.(3)) for the Niagara R ver were increased by 10%, and another sinulation
was generated for the sane period, representing a 10% increase in the N agara
River flow capacity. The largest reductions in water levels result for Lake
Erie; the annual lake levels fall by 19 cmin 2 years, 22 cmin 5 years, and
stabilize at 25 to 27 cmlower in 11 to 12 years. Lake St. Clair annua
levels fall 12 cmin 2 years, 15 cmin 5 years, and stabilize at 17 to 19 cm
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lower in 12 years. Lake Mchigan-Huron annual levels fall only 4 cmin 2
years and stabilize at 10 to 11 cmlower in 15 to 17 years. Maximm monthly
levels fall at simlar rates.

Had Pl an 25-N been inplenented in 1979 and used to continuously maintain
a 10%increase in Niagara River flows through 1986, the highest monthly |evels
experienced on Lakes Mchigan-Huron, St. Clair, and Erie in 1986 woul d have
been 9, 16, and 24 cm | ower, respectively. That effect on |ake |evels,
however, woul d not have been sufficient to preclude high water |evels during
1986. Maxi num monthly | evels on Lakes M chigan-Huron, St. Cair, and Erie in
1986, as affected by Plan 25-N, still would have been 83, 73, and 61 cm above
each lake's respective 1900-1969 nean maximum nonthly |evel.

4.4 The 1986 Barge Acci dent

on 7 August 1986, a shipping accident in the N agara River caused a
barge to |odge against the center pier of the Peace Bridge between Buffalo,
New York, and Fort Erie, Ontario. High flowrates, storms, and equi pnent
probl ens del ayed rempbval of the barge until 19 Decenmber 1986. While | odged,
the barge inpeded flows in the Niagara River by about 198 m3/s (7000 ft3/s)
(Pratt, 1987). To assess the effects of the barge on the |levels of Lakes
M chigan-Huron, St. Cair, and Erie, a base simulation first was generated for
August 1986 through June 1987, using actual St. Marys River flows and net
basin supplies to each of the |akes, constant Welland Canal and Chicago
di version rates of 261 m3/s (9200 ft3/s) and 91 m3/s (3200 ft3/s),
respectively, and no ice retardation of flows for the sinulation period.

Then, the N agara R ver discharge equation constants [C in Eg. (3)] were
adjusted to reflect a 19& m3/s reduction in the channel capacity at a water

| evel of 174.75 m from August through Decenber, and another simulation was
generated for the same period. Thus, in the adjusted simulation, for the

mont hs of August through Cctober, in Eg. (3) for the Niagara River, C = 197.44
m's; for Novenmber and Decenber, C = 203.04 nis.

The two simulations show that the barge had only a minor and tenporary
effect on the levels of the unregulated Great Lakes; Lake Erie was nost
affected. Wthin 2 nonths after the barge was stranded, Lake Erie |evels had
risen by 3 cm because of the reduction in the N agara River flow capacity.

The maximum effect of the barge occurred in January 1987 when Lake Erie levels
had been raised by 5 cm by June, the effect of the barge had dissipated and
Lake Erie levels were only 1 cm higher than if the barge accident had not
occurred. In January 1987, Lakes St. Cair and M chigan-Huron |evels had been

raised by only 4 and 1 cm respectively; by June, the effect of the barge was
nil.

5 SUMVARY

The potential for Geat Lakes water |evel changes was exanmi ned by using
the GLERL Hydrol ogi c Response Mdel with several hydrometeorol ogic and water
managenent scenarios. No probabilities of occurrence are expressed for any of
the hydroneteorol ogic scenarios. However, these scenarios suggest that Geat
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Lakes interests should not count on lake levels returning to long-term
(1900-1969) nornmal levels within the next several years. O the scenarios
exam ned, only a drought simlar to that of the early 1960's could return the

Geat Lakes to their normal levels of 1900-1969. If the Great Lakes regional
climatol ogy of 1971-1985 persists for several more years, riparians nmay have
to adjust to "normal" levels about 0.5 m above the 1900-1969 nean |evels.

However, these scenarios also indicate the extrene nature of water supply
conditions required to raise the Geat Lakes to levels that the geol ogic
record suggests have occurred several times in the past 2000 years; to raise
Lake M chigan-Huron 1.0 m above its 1986 record nonthly level, net basin
suppl i es 50% above the |ong-term (1900-1985) average (simlar to the
conditions of 1985) would have to be acconpanied by a 50% increase in outflows
from Lake Superior, and such extreme conditions would have to persist for
about 10 years.

Human effects can reduce Great Lakes levels only relatively little
(conpared with natural fluctuations) over the next several years. Increasing
winter flows from Lake Superior to enable water storage on that lake in the
spring and summer has practically no effect on |ake levels. Likew se, the
barge that accidentally was caught on the Peace Bridge in the N agara R ver
had no appreciable effect on lake levels, and the small effect has dissipated.
Changes in Great Lakes diversions can reduce water |evels, but the |argest
expected decreases in levels on Lakes Mchigan-Huron, St. Cair, and Erie
anount to only 25, 21, and 18 cm respectively. That lowering requires the
elinmnation of the Long Lac and Ogoki diversions and the increase of the
Chi cago and Welland Canal diversions to 283 m3/s (10,000 ft3/s), for a period
of 7 to 8 years; half of the |owering would occur, however, in 2 to 3 years.
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